The FTIR spectra of 12 CO adsorbed on poly(vinylpyrrolidone) (PVP) stabilized colloidal platinum at room temperature were studied. Two new bands at 2021 cm -1 and 1995 cm -1 were observed for the first time which has been assigned to the stretching vibration of CO linearly adsorbed on the Pt surface for edge and corner sites respectively. The relative intensities of these two bands were found to vary with the coverage of CO, where the smallest particles have the highest intensity that is analogous tothe percent of edge and corner sites with respect to surface. The vibrational spectra reported for terrace sites on colloidal Pt were red-shifted with decreasing particles size which shows the electronic interaction of Pt-surface and PVP where PVP acts as an electron donor.
Introduction.
The surface properties of highly dispersed transition-metal particles size range between 1 nm to 10 nm are interesting in liquid phase compared to their supported catalysts. Usually, metal catalysts are applied in liquid phase, thus an understanding of their surface nature is important in the context of their liquid phase catalytic application. So, it is desirableto investigate the metal catalysts in the liquid phase, the same environment in which their catalytic properties are evaluated [17] .
So far many research groups [1, 47] have investigated the surface chemical composition, structure and properties of colloidal metals and their alloys dispersion by simple spectroscopic investigations of gaseous adsorbates, predominantly CO, on colloidal metal surfaces. Their noble works are enhancing our colloidal metal surface chemistry knowledge and versatile catalytic application of these metal particles [8] .
Due to the high infrared extinction coefficient of adsorbed CO, it is the most widely investigated adsorbate in catalytic surface science and chemistry for the structural analysis of metal surfaces and their alloys. Structural characterization of single crystal surface for adsorbed CO by spectroscopic investigation is established methods which relies on the surface properties of small metal particles, and have allowed the use of infrared spectroscopy as a probe of the surface compositions and structural study of highly dispersed supported metal catalysts.
The relatively high extinction coefficient infrared absorptions can be obtained in transmission mode due to less scattering effect of infrared radiation even at high particles concentration which made this technique particularly amenable. Another advantage for the study of CO adsorbed on colloidal metals is that the absorption equilibrium is reached rapidly during addition of the gaseous adsorbate to the liquid dispersion, due to the absence of the diffusion barriers that may exist in solid samples [9] .
The application of infrared spectroscopy to study the colloidal metal surfaces has been developed by many research groups, and the spectra of CO adsorbed on hydrosols of platinum, palladium [1012] and rhodium [8] , and on organosols of nickel [13] , palladium [1, 3, 8, 14] , platinum [2,4, 8, 1517] , ruthenium [8] and palladium-copper alloys [1820] have been reported.
The surface covered by the stabilizer poly(vinylpyrrolidone) (PVP), their bonding manner and number of stabilizer molecules attached per particle is still in progress. It is well accepted that PVP molecules are weakly coordinated to metal particles via oxygen atom through multiple sites where partial electron transfer occurs from PVP to attached metal atom [2123]. This coordination bond is very weak and could be easily interchanged with a suitable ligand [24] . Some researchers also suggested that only one PVP molecule is attached per nanoparticle [25] . Additionally, PVP protected molecule can easily catalyze different reactions without substrate hindrance [21, 2629] .
From these reports, we assume that there are sufficient surface are exposed on PVP protected Pt (Pt:PVP) nanoparticles (NPs). Moreover, small CO molecule could easily come in contact to the Pt surface avoiding the bulky PVP molecular hindrance and could create more exposed space by replacing some PVP coordination to metal. It does suggest that CO can adsorb on the colloidal metal surfaces in a manner that can be interpreted similarly to the corresponding clean system.
Although it is a challenge to prepare and stabilize the smallest possible particles, a study of size-dependent properties, especially surface properties, requires monodispersed particles in a range of sizes be available, preferably stabilized by the same polymer [3031]. We report here the IR spectra of 12 CO adsorbed on organosol of platinum NPs with approximate mean particle diameters of 1.4 nm, 1.8 nm and 3.2 nm stabilized by PVP and also their size effect on surface properties.
These metal particles in the size range is often not clear from electron microscopy whether or not the particles are well-formed with facetted surfaces, must be applied some surface sensitive technique in order to describe the nature of the particle surface. An IR flow cell was designed with the help of syringe and Teflon tube so that the goal of allowing continuous measurement of the IR spectra of adsorbed CO at a range of coverages on the colloidal metal surfaces.
Experimental

Chemicals and materials
Hexachloroplatinic acid hexahydrate (H 2 PtCl 6 ·6H 2 O, Sigma Aldrich), PVP (average molecular weight: 40,000; Sigma Aldrich), sodium borohydride (NaBH 4 , Sigma Aldrich), ethylene glycol (TokyoChemical Industry), ethanol (Merck), and the analytical grade CO gaswere used. Deionized water was used to prepare aqueous solutions.
Preparation of PVP-stabilized Pt NPs
Microfluidic reduction with BH 4 -(sample a, d TEM = 1.4 nm)
1.4 nm Pt:PVP was produced according to our previous protocol [32, 33] . In brief, ice-cooled Pt precursor (4 mM, 35 mL) and NaBH 4 solution (20 mM, 35 mL) both containing 80 mM PVP (with respect to monomer) was passed through a micromixer (interdigital triangular) at room temperature with the help of syringe pumps. After discarding initial few mL, the eluent was collected to conical flask continued stirring for an hour. Finally, the produced Pt:PVP was purified by passing through a hemodialyzer according to our reported literature [34] to remove the inorganic ions and other impurities. After freeze dried, the sample was pulverized and stored in an air tight desiccator. adding 15 mL ethylene glycol, the solution was stirred for 3 h at room temperature to ensure complete dissolution of NaOH. Then the solution was heated at 140 ºC for ~2 h with vigorous stirring by a magnetic stirrer under nitrogen gas passing. 1332 mg (12 m. mole with respect to monomer) PVP (PVP-monomer:Pt = 40:1) was added to this hot solution and left overnight stirring at overnight. Finally, the produced Pt:PVP was purified to removeethylene glycol and other inorganicimpuritiesas was done for samplea and stored.
Ethylene glycol reduction with
Ethanol reduction (sample c, d TEM = 3.2 nm and sample d, d TEM = 3.9 nm)
Sample c and sample dwere prepared according to our published protocols [35] . mg PVP was added to this solution and stirred for overnight. Finally, the produced Pt:PVP was purified to remove ethylene glycol and other inorganic impurities as was done for samplea and stored.
Characterization of produced Pt:PVP NPs
UV-Visible spectroscopy
UV-visible optical spectra of dispersed Pt:PVP in deionized water were recorded using a spectrophotometer (UV-1800, Shimadzu) at room temperature.
Transmission electron microscopy (TEM)
The core sizes of the Pt:PVPwere measured by using a transmission electron microscope (H-9500, Hitachi) operated at 220 kV with a magnification ranges from 50,000 to 200,000. For TEM measurement, carbon-coated copper grids were used for sample casting. Approximately 0.25 mM concentrated Pt:PVP dispersions in EtOH were prepared and one drop of these dispersion was dropcasted on the grids placed on a filter paper. After complete drying at room temperature, the grids were placed in TEM for the measurements.
X-ray diffractometry (XRD)
D8 ADVANCE (Bruker) diffractometer was used to measure the X-ray diffraction (XRD) patterns of the prepared and purified PtNPs. Cu K radiation (1.5418 Å) was used operating the instrument at 40 kV and 40 mA electric condition. The finely powdered freeze dried sample (~20 mg) was used for this measurement. The obtained diffraction patterns were analyzed using the TOPAS-4 program.
Fourier transform IR (FTIR) spectroscopy
The FTIR spectroscopic measurement was done according to the following steps-(a)
Instrumentation: An FTIR spectrometer (Spectrum 10, PerkinElmer) was used to record the Finally, the FTIR spectra were recorded in the transmission mode and later converted to absorbance mode. For better resolution, 40 scans were averaged and background spectra were removed. Scheme 1. Measurement of FTIR spectra of adsorbed CO molecule on PtNPs surface. 
Results and discussions
Optical spectra for NPs formation:
Size distribution of PtNPs
Representative TEMmicrographs of purified Pt:PVPare shown in Fig. 2 . All of these samples were found to be comprised of spherical particles even after taking HRTEM. From the TEMmicrographs, the diameters of more than 350 PtNPs were measured in each sample; and the average diameters and their size distributions were calculated using Gaussian function those are shown in the following table 1. 
Surface structure of PtNPs
The normalized FTIR spectra of CO molecule for Pt:PVPsamples (Pt-atom/PVP-monomer = 1/40) are shown in Fig. 4(A) . The organosolswere purged for 20 min before spectral measurement.
All the five spectra showed five peaks with different intensities which are shown in table-2 with their plausible assignments.
Considering cuboctahedral model, smaller particles have lower number of terrace atoms compared to larger one and thus have a greater number of edge and vertex atoms than do larger particles. The relative intensity of peak 1994 (peak 2) and 2021 cm -1 (peak 3) are very similar when they are assigned to edges and vertices respectively as shown in Fig. 4(B) and 4(C).
The coordination number of each adsorption sites controls the extent of interaction with CO molecules. On top and bridge binding near the edges and vertices of the NPs facet are the most favorable adsorption sites for CO molecule as was observed in our investigation [40, 41] , as the 
Nanoscale Advances Accepted Manuscript
Open Access Article. Published on 23 January 2020. Downloaded on 2/1/2020 5:27:13 AM.
This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.
View Article Online adsorption energies are stronger near the edges and vertices for NPs. Although the support effects weaken the adsorption energies which decreases for larger NPs, but significant for smaller NPs [40] . Continuous line represents the experimental results and the bars represent the calculated one.
The terrace CO peak positions (peak 4) were red shifted [1, 8] and increased with decreasing particle size. This increased red shift is ascribed to the increased electronic charged density on Ptmtal due the partial electron donation from PVP to Pt-metal. [32, 39] . With the decrease in particles size the low coordination sites were increased which indicates more efficient electron transfer to 12 CO from the increased electronic charge density of smaller Pt particles via electron back-donation from Pt surface to 2* orbital of CO that weakens the C-O bond in CO molecule [42] . This efficient electron transfer from smaller Pt:PVP to 12 CO molecule is ascribed to high-lying orbitals that 
View Article Online accommodate excess electric charge since the LUMO levels of free Pt particles become higher in energy with decrease in size [27, 43] .
For further confirmation of the electron donation from PVP to Pt particles, the charge state of Pt core was studied as a function of PVP concentration. Fig. 6 shows the FTIR spectra of 12 Solvent played an important role on the geometric and electronic structure of NPs. Some solvent like DCM, a very strong solvent might restructure NPs surface that could not be observed in XRD, TEM or UV-Visible spectroscopy. As many research groups has also reported similar procedure for measuring FTIR spectra of adsorbed CO molecule on PtNPs [14] , however our results are little different. Perhaps, NPs preparation condition or degassing process or the total time from dissolution to CO adsorption and measurement is very important. After 6 hour dissolution time, peaks around 1994 cm -1 to 2021 cm -1 (peak 2 and peak 3) were absent and with increasing coverage of CO, terrace peak position was gradually red shifted as shown in Fig. 7(B) . However, in case of freshly prepared organosol, there is no such shift of terrace peak and also edge and corner peaks were present as shown in Fig. 7(A) . Perhaps some structural rearrangement was occurred in case of longer dissolution of Pt:PVP in solution due to the strong effect of DCM and hence we did not get the similar results like fresh Pt:PVP solution in DCM. 
Conclusion
We investigated the surface structure of colloidal Pt:PVP in the size range of 1.4 nm to 4.8 nm by FTIR spectra of adsorbed 12 CO molecule. Two new bands at 2021 cm -1 and 1994 cm -1 were observed according to the proportion of corner and edge atom on surface considering cuboctahedral model. It was also observed that due to the electron donation from PVP to PtNPs, the terrace CO peak position was red shifted which indicates that the electronic structure of NPs can be regulated by the stabilizer. In addition, DCM was found to affect the geometric structure of PtNPs with 
